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© Semiconductor luminous element and superlattice structure. 



© A semiconductor luminous element has cladding 
layers on both sides of its active layer; and it has a 
multi-quantum barrier layer which is in contact with 
the active layer on at least a portion of at least one 
of the cladding layers. This multi-quantum barrier 
layer is formed of an alternating stack of superlattice 
barrier layers and superlattice well layers. The en- 
ergy gap of the well layers is smaller than that of the 
active layer, and the quantized energy gap of the 
multi-quantum barrier layer is larger than the energy 
gap of the active layer. A superlattice structure for 
semiconductor devices, which confines electrons 
and holes, is formed out of the active layer and a 
cladding layer provided on at least one side of that 
active layer. A multi-quantum barrier layer is in con- 
tact with the active layer on at least a portion of the 
cladding layer. This multi-quantum barrier layer is 
formed of an alternating stack of superlattice barrier 
layers and superlattice well layers. The energy gap 



of the well layers is smaller than that of the active 
layer, and the quantized energy gap of the multi- 
quantum barrier layer is larger than the energy gap 
of the active layer. 



Rank Xerox (UK) Business Services 



1 



EP 0 502 442 A2 



2 



FIELD OF THE INVENTION 

This invention relates to a structure for a super- 
lattice, an arrangement to confine electrons or 
holes which employs this superlattice, and a semi- 
conductor luminous element which employs this 
arrangement. 

BACKGROUND OF THE INVENTION 

In semiconductor luminous devices like semi- 
conductor lasers and light-emitting diodes, a dou- 
ble heterostructure is often used to efficiently con- 
fine within the active region the electrons or holes 
which are injected, so as to maximize the lumines- 
cence. The injected carriers are confined by the 
potential barrier in the hetero junctions between the 
active layer and the cladding layers. 

The height of this potential barrier is essentially 
determined by the physical constants of the semi- 
conductor materials of which the active and clad- 
ding layers are formed. It will assume a value 
corresponding to the difference between the en- 
ergy gap of the cladding layers and that of the 
active layer. The luminescent wavelength can be 
shortened by increasing the energy gap of the 
active layer. When this is done, however, there is 
no way to increase the potential barrier, so the 
carriers cannot be sufficiently confined. 

To address this problem, a multi-quantum bar- 
rier (or MQB) has been proposed which makes use 
of the wavelike character of electrons. See Laid- 
Open Japanese Patent Application No. 63-46788. 
The thickness of each layer is chosen so as to 
form a multi-quantum barrier. The electron waves 
reflected by each hetero surface of a multi-quan- 
tum barrier interfere with and reinforce each other. 
In this way the reflectivity of electrons leaking from 
the active layer to the cladding layer can be in- 
creased. Thus an MQB offers the possibility of 
raising the potential barrier while sufficiently confin- 
ing the carriers within the active layer. 

However, if the energy gap of the active layer 
is increased still more, the virtual potential barrier 
cannot be increased using a multi-quantum barrier. 

The height of the virtual potential barrier pro- 
duced by a multi-quantum barrier as mentioned 
above is strongly dependent on the potential dif- 
ference between the well and barrier layers of the 
superlattice. This potential difference is the dif- 
ference within the discontinuous energy band 
which appears at the lower edge of the conductive 
band. This band is shown as U 0 in Figure 2(A). The 
larger this difference, the higher the virtual potential 
barrier will be. 

In the existing multi-quantum barriers de- 
scribed above, the same material was used as the 
semiconductor in the well layers and the active 



layer, thus causing their energy gaps to be equal. If 
the energy gap of the active layer were made 
larger, that of the well layers would also increase, 
and the potential difference between the well and. 

5 barrier layers within the multi-quantum barrier 
which constituted the virtual potential barrier would 
decrease. This appears to be a reason why the 
virtual potential barrier cannot be increased above 
a certain level by the multi-quantum barrier. As a 

to result, the degree to which the potential barrier 
could be increased using a multi-quantum barrier 
was limited. 

SUMMARY OF THE INVENTION 

IS 

This invention makes it possible to maintain a 
high virtually augmentable potential barrier using 
an MQB even when the active layer has a high 
energy gap. This is achieved by the semiconductor 

20 luminous element of this invention, which is distin- 
guished by the following elements: It has cladding 
layers on both sides of its active layer; and it has a 
multi-quantum barrier layer which is in contact with 
the active layer on at least a portion of at least one 

25 of the cladding layers. This multi-quantum barrier 
layer is formed of an alternating stack of superlat- 
tice barrier layers and superlattice well layers. The 
energy gap of the well layers is smaller than that of 
the active layer, and the quantized energy gap of 

30 the multi-quantum barrier layer is larger than the 
energy gap of the active layer. 

The structure of this invention by which the 
electrons and holes are confined is formed from 
the active layer and the cladding layer provided on 

35 at least one side of that active layer. A multi- 
quantum barrier layer is in contact with the active 
layer on at least a portion of the cladding layer. 
This multi-quantum barrier layer is formed of an 
alternating stack of superlattice barrier layers and 

40 superlattice well layers. The energy gap of the well 
layers is smaller than that of the active layer, and 
the quantized energy gap of the multi-quantum 
barrier layer is larger than the energy gap of the 
active layer. 

45 It is desirable that the energy gap of the barrier 

layers in the multi-quantum barrier be larger than 
that of the active layer. It is also desirable that a 
layer to prevent resonant tunnelling be provided 
between the active layer and the multi-quantum 

so barrier layer. 

The structure of the superlattice of this inven- 
tion is formed from alternating layers of at least two 
types of crystals which have different energy gaps. 
The energy gap of the crystal having the smaller of 

55 the two energy gaps is smaller than that of the 
material on the side into which electrons or holes 
can enter, and the thickness and structure of these 
crystals is such that the phases of reflected waves 
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from electrons or holes which entered them lead to 
mutual reinforcement. As a result, the quantized 
energy gap of the superlattice structure as a whole 
is larger than that of the material on the side where 
the electron or hole enters. 

A different material is used for the semiconduc- 
tor in the well layers of the multi-quantum barrier 
than that in the active layer so that the energy gap 
of the well layers is smaller than that of the active 
layer. In this way, the difference between the en- 
ergy gaps of the well and barrier layers of.the MQB 
can be enhanced. At the same time, the height of 
the virtual potential barrier which can be raised by 
the MQB can be increased. The well and barrier 
layers which comprise the multi-quantum barrier 
are formed and their thickness is chosen so that 
the quantized energy gap of the MQB will be larger 
•than that of the active layer. This ensures that the 
light emitted by the active layer will not be ab- 
sorbed by the multi-quantum barrier. 

As explained above, existing multi-quantum 
barriers cannot form high enough potential barriers 
if the active layer has such a large energy gap. 
This invention makes it possible to create a suffi- 
ciently high potential barrier without loss of effi- 
ciency due to absorption and thus to confine the 
carriers suitably within the active layer of such an 
element. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows the structure of an AIGalnP 
semiconductor laser in which this invention has 
been implemented. 

Figure 2 shows potential profiles in the vicinity 
of the multi-quantum barrier layer. Figure 2(A) 
shows the profile of an existing MQB, and Figure 2- 
(B) the profile of the MQB of this invention. 

Figure 3 is a graph which illustrates the rela- 
tionship between the depth of the wells and the 
quantized energy gap. 

Figure 4 is a graph which illustrates the rela- 
tionship between the potential difference and the 
augmentable portion of the height of the potential 
barrier. 

Figure 5 is a graph which illustrates the rela- 
tionship between the proportion of Al in the com- 
position of the active layer and the height of the 
potential barrier as sensed by the electrons. 

DETAILED DESCRIPTION OF THE INVENTION 

We shall now discuss an embodiment in which 
this invention is employed in an AIGalnP semicon- 
ductor laser emitting visible light. 

Figure 1 shows the structure of an AIGalnP 
semiconductor laser. In this laser, n-AIGalnP clad- 
ding layer 11, AIGalnP active layer 12, p-AIGalnP 



cladding layer 14: and p-GaAs cap layer 15 are 
formed successively on n-GaAs substrate 10. MQB 
layer 13, which serves to reinforce the confinement 
of electrons, is created on a portion of p-cladding 

5 layer 14 in a location where it can make contact 
with active layer 12. A semiconductor laser of this 
construction can be manufactured using a process 
such as the MBE method or the MOCVD method. 
Figure 2 shows the potential profile of the laser 

io of Figure 1 in the vicinity of the MQB layer. Figure 
2 (A) shows, for purposes of comparison with the 
embodiment of this invention, the MQB layer de- 
scribed in the Laid-Open Japanese Patent Applica- 
tion No. 63-46788 (hereafter called the existing 

is MQB). Figure 2(B) shows the MQB layer in the 
embodiment of the invention described herein 
(hereafter called the MQB of this invention). 

In Figure 2(A), the energy gap of the active 
layer is labeled Eg (a), that of the barrier layers in 

20 the superlattice which forms the MQB layer is 
labeled Eg (b), and that of the well layers in the 
same superlattice is labeled Eg (w). The item label- 
ed U 0 is the potential energy difference on the 
lower edge of the conductive band between the 

25 barrier and well layers comprising the MQB layer 
(or the potential energy difference on the lower 
edge of the conductive band between the active 
layer and the barrier layers within the MQB). The 
virtual potential barrier created by the MQB layer is 

30 shown as a dotted line. AU e is the portion of that 
barrier whose increase is dependent on the MQB. 
AU e increases depending on the increase of poten- 
tial difference U 0 as an exponential function. (See 
Figure 4) 

35 As discussed above, designers of existing 

semiconductor luminous elements with an MQB 
layer paid no particular attention to the relationship 
between the material used as a semiconductor in 
the active layer and that in the barrier and well 

40 layers comprising the MQB layer. As a result, the 
same semiconductor material was often used in the 
active and well layers, so that Eg (a) would be 
identical to Eg (w). Thus when the energy gap Eg 
(a) of the active layer was increased, the energy 

45 difference between Eg (b) and Eg (w) would de- 
crease. Potential energy difference U 0 would de- 
crease, and consequently the augmentable portion 
AU 0 of the potential barrier would decrease as an 
exponential function. 

so This invention concerns a semiconductor lu- 

minous element with an MQB layer. It sets certain 
restrictions on the materials which can be used as 
the semiconductors in the active layer and the 
materials of the barrier and well layers of the 

55 superlattice comprising the MQB layer, in order to 
maintain a fixed relationship between the energy 
gaps of those layers. In the following section, we 
shall give a detailed explanation of that fixed rela- 
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tionship. 

As shown in Figure 2(B), MQB layer 13 is 
composed of a stack of alternating layers of super- 
lattice barriers 31 and superlattice wells 32. These 
barriers and wells should each be from 5 to 50 
angstroms thick, as explained in detail below, and 
a total of ten layers should suffice. Layer 33, 100 to 
200 angstroms thick, is provided between active 
layer 12 and MQB layer 13 to prevent resonant 
tunnelling. This layer prevents leakage of electrons 
from active layer 12 resulting from the tunnel ef- 
fect. Anti-tunnelling layer 33, superlattice barrier 
layer 31 and p-cladding layer 14 may all be com- 
posed of the same semiconductor material, or they 
may be composed of different materials. 

In order to increase the energy gap between 
superlattice well layers 32 and barrier layers 31 in 
MQB layer 13, and to raise the virtually augment- 
able potential barrier created by the MQB, this 
invention uses a material for well layers 32 in MQB 
layer 13 which has a smaller energy gap than 
active layer 12. That is to say, the material for each 
of the layers is selected so as to satisfy the follow- 
ing formula 1, where Eg (a) is the energy gap of 
active layer 12, Eg (w) is the energy gap of super- 
lattice well layer 32 in MQB layer 13 and Eg (b) is 
the energy gap of superlattice barrier layer 31 in 
MQB layer 13. 

Formula 1 

Eg (w) < Eg (a) < Eg (b) 

For example, one composition which would es- 
tablish the relationship xw < xa < xb would be to 
use (AlxaGai - xa)o.slno.5P for active layer 12; 
(Al xw Gai - xw)o.slno.sP for well layer 32 in MQB 
layer 13; and (AL. b Gai - xb)o.5ln 0 .sP for barrier layer 
31 in MQB layer 13. 

With this type of energy ranking relationship, 
the composition and thickness of well layers 32 
and barrier layers 31 in MQB layer 13 must be 
chosen to insure that the light emitted by active 
layer 12 is not absorbed by the MQB layer. 

The conditions to insure that the light emitted 
by active layer 12 is not absorbed by MQB layer 
13 are expressed by the following formula 2, where 
Eg (MQB) is the quantized energy gap of MQB 
layer 13. 

Formula 2. 

Eg (MQB) > Eg (a) 

The quantized energy gap Eg (MQB) of MQB 
layer 13 is determined by the materials used for 
the well layers 32 and barrier layers 31 which 
comprise it as well as their thickness (or width). 



Figure 3 is a graph illustrating how the quan- 
tized energy gap in a single-quantum well structure 
varies with the thickness and composition of the 
well layer. A model of a single-quantum well is 

s used in which the well layer is composed of 
(AlxwGai - xw)o£lno.sP- Barrier layers of infinite 
thickness on both sides of the well layer are com- 
posed of (A!o.7Gao. 3 )o.5lno.5P- The thickness of the 
well layer is shown on the horizontal axis, the 

io quantized energy gap on the vertical axis. The 
proportion of Al in the composition is expressed as 
the parameter xw. The six curves were calculated 
for these values for xw: 0, 0.1 , 0.2, 0.3, 0.4 and 0.5. 
The energy gap of an active layer composed of 

ts (AlxaGai - xa)o.slno.sP is also shown for the values 
xa = 0.2, 0.3, 0.4 and 0.5. From this graph we can 
deduce how thick the well layer should be in order 
to satisfy Formula 2. 

The reflectivity with respect to electron waves 

20 was calculated for an MQB layer which would have 
a composition and thickness such that it would not 
absorb the emitted light. The calculation was done 
using the same technique as indicated in T. Takagi, 
F. Koyama, and K. Iga, "Potential Barrier Height 

25 Analysis of AIGalnP Multi-Quantum Barriers 
(MQBs)," Japan Journal of Applied Physics . 29, 
L1977 (1990). The results in Figure 4 show the 
augmentable portions AU e of the height of a virtual 
potential barrier with a reflectivity of at least 99%. 

30 Figure 4 shows a comparison of the MQB of 

this invention with existing MQBs. The horizontal 
axis represents the aforesaid potential energy dif- 
ference U 0 and the proportion xa of Al in the 
composition of the active layer. The vertical axis is 

35 the augmentable portion AU e of the height of the v 
virtual potential barrier. Existing MQBs use a com- 
position such that xw = xa; in the MQB of this 
invention, xw = 0. The proportion of Al in the 
composition of the barrier, xb, is 0.7. The composi- 

40 tion of the active layer, the well layers and the 
barrier layers are, respectively, 
(AUGa, - xaWno.sP. (AUGai - xwksliVsP and 
(Al xb Ga, - xb)o.5lno.5P- 

In existing MQBs, the augmentable portion AU e 

45 of the potential barrier is strongly dependent on 
potential energy difference U 0 . Portion AU a will 
increase as an exponential function as the potential 
energy difference U Q increases. Accordingly, as 
described above, if the energy gap of the active 

so layer is increased and potential energy difference 
U 0 decreased, it becomes impossible to increase 
augmentable portion AU e . With the MQB of this 
invention, however, the augmentable portion AU e of 
the height of the potential barrier can be 300 meV 

55 even if potential energy difference U Q is small. 

Figure 5 shows the maximum values when xa 
and xw have been changed to respond to the 
height U a of the potential barrier which is sensed 
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by the electrons within the active layer in light of 
the Fermi level of the holes in the MQB. This 
height U a , the height of the potential barrier from 
the perspective of the electrons, can be expressed 
by the following formula 3. 

Formula 3. 

Ua = A Eg + AU e - (Efp - Ev), wherein, as shown 
in Formula 4: 

Formula 4. 

AEg = Eg(c) - Eg(a) 

Eg(c) is the energy gap of the p-cladding layer; 
Efp is the Fermi level of the holes in the MQB 
layer; and Ev is the energy level at the upper edge 
of the valence band in the p-cladding layer. 

In the calculations used to create the graph, 
the density of the carriers in the p-cladding layer 
was set at 1 x 10 18 cm~ 3 , and xb was set at 0.7. 

If we increase the proportion xa of the Al 
content in the active layer and so increase the 
energy gap of that layer, the height U a of the 
potential barrier will decrease. This happens be- 
cause AEg itself decreases, and because the com- 
bination of wells and barriers which will not allow 
absorption of the emitted light is limited. If an MQB 
is used which has a small xw, while the proportion 
of Al in the active layer remains the same, a large 
U a can be obtained. If xa = 0.4 (with a wavelength 
X of approximately 600nm), a V a of at least 200 
meV can be obtained in an MQB with an xw of 0 (a 
well of 11.3 angstroms and a barrier of 11.3 ang- 
stroms) or an xw of 0.1 (a well of 14.2 angstroms 
and a barrier of 11.3 angstroms). This value sug- 
gests that stable CW (continuous wave) operation 
can be obtained even in an AIGalnP laser at the 
600nm band. 

In the embodiment described above, an MQB 
layer was introduced into the p-cladding layer to 
confine electrons within the active layer. It would, 
of course, also be possible to introduce an MQB 
layer into the n-cladding layer in order to enhance 
the effectiveness of confinement of the holes within 
the active layer. Careful consideration should be 
paid to the potential energy difference AEv, which 
is based on band discontinuity in the valence band, 
and to the effective mass of the holes. The MQB 
layer can be constituted just as described above, 
and it should be introduced as part of the n- 
cladding layer in a location in which it can make 
contact with the active layer. 

This invention is not limited to the form es- 
poused in the embodiment; various alterations can 
be made in it. It would, for example, be possible to 
use mixed crystal materials such as Gai - X AI„AS 



or GaAIAsSb. In the embodiment, a structure was 
used in which two layers were repeatedly stacked; 
however, it would also be possible to use a super- 
lattice structure in which three or more crystals 
5 were repeatedly stacked. 

Claims 

1. A semiconductor luminous ' element, compris- 
70 ing an active layer having two sides, cladding 

layers disposed on both sides of the active 
layer and a multi-quantum barrier layer which 
is in contact with the active layer and at least a 
portion of at least one of the cladding layers, 

75 wherein the multi-quantum barrier layer 

comprises an alternating stack of superlattice 
barrier layers and superlattice well layers, the 
superlattice well layer having an energy gap 
smaller than an energy gap of the active layer 

20 and the multi-quantum barrier layer having a 

quantized energy gap larger than the energy 
gap of the active layer. 

2. The semiconductor luminous element accord- 
25 ing to claim 1, wherein the superlattice barrier 

layer within the multi-quantum barrier layer has 
an energy gap which is larger than the energy 
gap of the active layer. 

30 3. The semiconductor luminous element accord- 
ing to claim 1, further comprising an anti- 
tunneling layer disposed between the active 
layer and the multi-quantum barrier layer which 
prevents resonant tunneling between the active 

35 layer and the multi-quantum barrier layer. 

4. The semiconductor luminous element accord- 
ing to claim 2, further comprising an anti- 
tunneling layer disposed between the active 

40 layer and the multi-quantum barrier layer which 

prevents resonant tunneling between the active 
layer and the multi-quantum barrier layer. 

5. A structure for confining electrons and holes in 
45 a semiconductor element, comprising an active 

layer having two sides, one or more cladding 
layers disposed on at least one side of the 
active layer and a multi-quantum barrier layer 
which is in contact with the active layer and at 
so least a portion of at least one of the cladding 

layers, 

wherein the multi-quantum barrier layer 
comprises an alternating stack of superlattice 
barrier layers and superlattice well layers, the 
55 superlattice well layer having an energy gap 

smaller than an energy gap of the active layer 
and the multi-quantum barrier layer having a 
quantized energy gap larger than the energy 
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gap of the active layer. 

6. The structure for confining electrons and holes 
in a semiconductor element according to claim 

5, wherein the superlattice barrier layers within 5 
the multi-quantum barrier layer have an energy 
gap which is larger than the energy gap of the 
active layer. 

7. The structure for confining electrons and holes 10 
in a semiconductor element according to claim 

5, further comprising an anti-tunnel ing layer 
disposed between the active layer and the 
multi-quantum barrier layer which prevents res- 
onant tunneling between the active layer and 75 
the multi-quantum barrier layer. 

8. The structure for confining electrons and holes 
in a semiconductor element according to claim 

6, further comprising an anti-tunneling layer • 20 
disposed between the active layer and the 
multi-quantum barrier layer which prevents res- 
onant tunneling between the active layer and 

the multi-quantum barrier layer. 

25 

9. A superlattice structure, comprising alternating 
layers of at least two types of crystals having 
different energy gaps, 

wherein the energy gaps of adjacent cry- 
stal layers are such that the type of crystal 30 
having the smaller energy gap of the adjacent 
layers has an energy gap which is smaller than 
that of a portion of the superlattice structure on 
a side through which electrons or holes enter 
the supePrinter 05 (HP HID - Bay)- 35 
P05.PRSpRSIr holes entering the superlattice 
structure mutually reinforce. 

10. The superlattice structure according to claim 9, 
wherein the superlattice structure has a quan- 40 
tized energy gap which is greater than the 
energy gap of the portion of the superlattice 
structure on the side through which electrons 

or holes enter the superlattice structure. 
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FIGURE 2(A) 
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FIGURE 3 
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